Recent developments in the field of ion mobility spectrometry provide new possibilities to explore and understand gas-phase ion chemistry. In this study, hyphenated trapped ion mobility spectrometry-mass spectrometry (TIMS-MS) was applied to investigate analyte ion mobility as function of adduct ion formation for twelve pharmaceutically relevant molecules, and for tetrahydrocannabinol (THC) and its isomer cannabidiol (CBD). Samples were introduced by direct infusion and ions were generated with positive electrospray ionization (ESI+) observing protonated and sodiated ions. Measurements were performed with and without addition of cesium-, lithium-, silver-and sodium ions to the samples. For the tested compounds, metal adduct ions with the same m/z but with different mobility and collision cross section (CCSs) were observed, indicating different molecular conformations. Formation of analyte dimers was also observed, which could be associated with molecular geometry of the compounds. By optimizing the range and speed of the electric field gradient and ramp, respectively, the separation of THC and CBD was achieved by employing the adduct formation. This study demonstrates that the favorable resolution of TIMS combined with the ability to detect weakly bound counter ions is a valuable means for rapid detection, separation and structural assignment of molecular isomers and analyte conformations.
Introduction
Over recent times, ion-mobility spectrometry (IMS) has brought new insights into the behavior of gas-phase ions and complexes of small molecules, biomolecules and polymers [1] [2] [3] . The IMS separation mechanism, which is based on ion charge, size and shape, may facilitate the separation of isomers and recognition of different ion conformations. Additional structural identification often is achieved by hyphenating IMS to (high-resolution) mass spectrometric (MS) detection. The past twenty years has seen rapid development of new IMS devices, in which a considerable improvement, especially in resolving power, was achieved [4] [5] [6] [7] . Still, separation of structural isomers with IMS can be quite challenging.
A common approach to separate isomers, which exhibit similar collision cross section (CCS (Å 2 )), is the use of mono-and divalent cations, which form distinguishable adduct complexes with the target analytes, and has led to successful separations of isomeric carbohydrates, lipids, and peptides [8] [9] [10] [11] [12] [13] . The improved resolution was due to mobility shifts in one of the isomeric forms as a result of conformational changes induced by cation adduct formation. Other common approaches to shift the mobility of ions involve the use of mixed carrier gases, shift reagents (SR) and/or changes in temperature of the buffer gas [14] [15] [16] [17] .
Huang & Dodds [9] and Clowers & Hill [13] reported unpredictable changes in conformations of analytes upon use of different adduct ions, which can depend on the structure of the analytes and the ionic radius of the cations. These molecular species could then result in improved mobility separation. Clowers & Hill [13] studied the separation of flavonoids Electronic supplementary material The online version of this article (https://doi.org/10.1007/s12127-017-0227-6) contains supplementary material, which is available to authorized users. diglycosides isomers using dual gate-ion mobility quadrupole ion trap mass spectrometry. They showed multiple gas phase conformations for narirutin and hesperidin upon sodium, potassium and/or silver adduct formation. Similar observations were made for carbohydrates, where a trisaccharide maltotriose with cesium adduct showed more than one mobility peak [9] . In the latter study, a Waters Synapt G2 HDMS quadrupole time-of-flight hybrid mass spectrometer equipped with travelling-wave ion mobility (TWIM) cell was used. In both cases, the appearance of the new gas phase conformations of the molecules was explained as a result of different binding sites of the cation and the target compound.
Recently, Morrison, Bendiak, & Clowers [18] investigated the influence of cation adduct formation with tetrasaccharides using atmospheric pressure dual-gate drift ion mobility coupled to a Thermo linear ion trap mass spectrometer. They noticed that for some glycans the coordination of a metal ion lead to formation of dimers, which was observed as a second mobility peak appearing at the same nominal mass as the monomeric form of the analyte. The dimers were formed at a very low cation concentration, and adducts of bivalent metals were more prone to form dimers than adducts of monovalent cations.
In IMS devices which use high electric fields for the separation of ions, such as TWIMS, heating of ions may result in a n a l y t e fr a g m e n t a t i o n , a s o b s e r v e d f o r e . g . pmethoxybenzylpyridinium (m/z 200) [19] and a leucine enkephalin dimer (m/z 1112) [20] . Ion heating may also cause disintegration of ion adducts and dimers in the mobility cell. Trapped ion mobility spectrometry (TIMS), a recent IMS development commercialized by Bruker Daltonics (Bremen, Germany), operates at low electric field, preventing ion heating, thus offering optimal conditions for studying noncovalent complexes and relatively loosely bound adducts. Additionally, TIMS offers mobility separations with up to a resolving power (R) of 400 [4] , which was successfully applied in fast separations of isobars and isomers [4, 21, 22] .
During exploring TIMS experiments in our laboratory in which the ortho, meta and para isomers of dimethylphtalate were separated, we observed various sodium adduct ions (data not shown). The main objective of the present study was to gain a more fundamental understanding of adduct-ion formation in TIMS and to further evaluate this phenomenon to distinguish isomeric analytes which could not be separated as protonated molecule. Fourteen pharmaceutically relevant compounds with a molecular weight ranging from 270 to 645 Da were used as test compounds, systematically studying several cationic counter ions. The effect of adduct-ion formation with the target analytes on the appearance of new conformations and dimers, was investigated by TIMS, and correlations with the analyte molecular structures were made. Additionally, gas phase separation of isobaric tetrahydrocannabinol (THC) and cannabidiol (CBD) by TIMS was studied employing cation adduct formation.
Materials and methods

Chemicals
Amoxicillin (AMX), carvedilol (CVD), alpha-naphthoflavone (ANF), lincomycin hydrochloride (LM), amiodarone hydrochloride (AMD), fluvoxamine (FVX), rutaecarpine (RUT), loperamide hydrochloride (LOP), ketoconazole (KET), tolbutamide (TBM), sodium chloride (NaCl) and formic acid (FA) were obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands). Cetirizine (CTZ) was kindly provided by DSM Materials Science Center. Ellipticine was a kind gift from Dr. Jan Commandeur from the Division of Molecular and Computational Toxicology (VU Amsterdam, The Netherlands). Tetrahydrocannabinol (THC) and c a n n a b i d i o l ( C B D ) w e r e o b t a i n e d f r o m E c h o Pharmaceuticals (Weesp, The Netherlands). Lithium chloride (LiCl), silver nitrate (AgNO 3 ) and acetonitrile (ACN) of LC-MS grade, were from Merck (Darmstadt, Germany), and cesium chloride (CsCl) was from Riedel de Haen (Zwijndrecht, The Netherlands). Acetic acid was from J.T.Baker (Deventer, The Netherlands). High purity water of MS grade was used for samples and solvents preparation.
Sample preparation
Stock solutions of twelve pharmaceuticals ( Fig. 1) were prepared in DMSO with the exception of RUT, which was dissolved in water. The concentration of the stock solutions for AMX and ELL, were 10 and 40 mM respectively, and for the other pharmaceuticals 20 mM. The working concentrations of the pharmaceuticals were 2 μM for all compounds except for AMX, which was prepared at 5 μM, diluted in 80% ACN, and except for AMX and CVD, which were diluted in 30% ACN. Stock solutions of cesium chloride, sodium chloride, lithium chloride and silver nitrate were prepared at concentration of 20 mM in water and used at a final concentration of 50 μM. Stock solutions of THC and CBD (structures are depicted in Fig. 1 ) were used as received (3.2 mM in methanol). Depending on the analytical question the two compounds were diluted to working concentrations of 2, 0.2, or 0.02 μM in 80% acetonitrile with addition of 0.1% acetic acid or 20 μM cesium chloride, sodium chloride, lithium chloride or silver nitrate.
TIMS operational mode
In this study a prototype TIMS-MS instrument (Bruker Daltonics, Bremen, Germany) was used. The principles and operation of TIMS have been extensively described in previous studies [5, 23, 24] . Briefly, in conventional IMS devices, ions travel through a drift tube driven by an electric field, and collide with stationary gas molecules. In TIMS, ions are trapped in an electric field gradient and a concurrent gas flow [24] . The TIMS device consists of three regions: entrance funnel, mobility analyzer and exit funnel (Fig. S1 ). Positive ions which are generated using e.g. electrospray ionization (ESI), enter the funnel via a glass ion-transfer capillary and are pushed into the direction of the analyzer section due to an applied DC potential and gas flow. In the analyzer, a weak axial electric field gradient (EFG) is applied, and ions are trapped and positioned according to their mobility when the electric force balances the collision force by the constant gas flow. As the highest electric field is located near the exit and the lowest electric field near the entrance of the analyzer, ions with lower mobility (i.e. larger charge and/or CCS) will occupy positions more near the exit, whereas the higher mobility ions are in more near the entrance. Additional radial trapping of ions near the axis of the analyser tunnel is ensured by applying RF voltages. In the analyzer, the ions are collected and trapped for a selected time, the so-called trapping time (t trap ). After trapping, the EFG is gradually decreased at a selected rate as determined by the voltage ramp (V ramp ) and ramp time (t ramp ). As the electric field decreases and the gas flow is unchanged, the ions leave the analyzer at an elution voltage V elution characteristic for their mobility (K), and are subsequently transferred to the quadrupole high-resolution time-of-flight mass spectrometer [24] . The mobility (K) in TIMS can be described as
Where v g , is the gas velocity, E is the electric field at which an ion elutes, A is the calibration constant that can be obtained from measuring calibration solution with known CCS. The difference between the V elution (elution voltage) and V out (voltage applied to the last electrode in the analyser section in TIMS) defines the mobility K of an ion.
TIMS-MS parameters
All analyte solutions were analyzed by direct infusion at a flow rate of 180 μL/h using a KDS100 syringe pump (KD Scientific Inc., MA, USA). TIMS settings depended on the analytical question. For most pharmaceuticals, the EFG was from −20 to −120 V using 1000 TOF pulses per accumulation and 500 accumulations, whereas for ELL and AMD it was −5 to −160 V and −20 to −150 V, respectively with 1000 TOF pulses per accumulation and 500 accumulations. For the analysis of the two isobaric compounds THC and CBD, initially, the EFG was from 0 to −165 V, enabling analysis of ions within a large mobility range. For isomer separation studies, a narrower EFG was used (from −30 to −80 V) to improve the resolving power of TIMS. The resolving power in TIMS can be improved by reducing the EFG range and to a lesser extent by increasing the number of TOF pulses, which determines the V ramp and t ramp, respectively. In both of the analyses (with a narrow and wide EFG range) 600 TOF pulses per IMS scan with 400 accumulations and 20 repetitions were used. Nitrogen was used as buffer gas at temperature of 300 K, and a default pressure of 1.7 mbar. The mobility resolving power was calculated following equation: R = CCS/ΔCCS.
Experimental CCS and K 0 calculations
The experimental reduced mobility (K 0 ) and CCS (Ω) of compounds and complexes were calculated from the measured mobilities (1/K 0 ) using Compass Mobility Calculator of the Bruker Compass Data Analysis software (version 5.0). The reduced mobility K 0 is the mobility K, normalized for pressure (P (torr)) and temperature (T (K)) in the mobility tube. The mobility axis was calibrated using tuning mix (Agilent Technologies, Santa Clara, Ca, USA), which comprises compounds with known CCS. CCS Calculations were according to Eq. 2.
Where ze is the charge of the ion, k B the Boltzman's constant, N is the number density of the buffer gas, T is the gas temperature, and m i and m b are the molecular mass of the ions and buffer gas, respectively.
LC-MS of THC and CBD
In order to better understand the dimerization of THC and CBD observed, and to compare the dimer formation of both compounds (as discussed in the results section), solutions of THC and CBD (5 μL injected) were analyzed by LC-MS using an Agilent Technologies 1200 series LC system (Waldbronn, Germany) equipped with an Acquity UPLC BEH C18 (2.1 × 50 mm; particle size, 1.7 μm) analytical column (Waters, Milford, MA). Seven different concentrations between 0 and 20 μM were prepared from THC and CBD stock solutions (3.2 mM in methanol), by serial dilution in 80% ACN. Mobile phases A and B were pure water and ACN, respectively. The gradient used started with 20% B for 1 min, rose to 95% B in 8 min, was isocratic at 95% B for 4 min, and in 0.1 min decreased to 20% B. Column equilibration was set for the next 7.9 min at 20% B. The total run time was 18 min at a flow rate of 0.3 ml/min and the column oven was set to temperature of 40°C. To form silver adducts, post-column addition of a silver nitrate in water (250 μM) was performed in a flow ratio of 1:4 leading to a final concentration of silver ions of 50 μM. MS detection was performed with a Micro-TOF II instrument (Bruker Daltonics, Bremen, Germany) employing ESI+ with a needle voltage of 4.5 kV and a drying gas temperature and flow rate of 240°C and 8 L/ min, respectively.
Results and discussion
Separation and structural identification of isobaric and isomeric molecules and their conformations can be a challenging task. Adduct-ion formation has shown to specifically influence molecular conformation, potentially allowing separation of isomeric compounds by TIMS. In the present work, the cation-adduct formation of twelve pharmaceutically relevant compounds and its effect on molecular conformation and dimer formation was studied by measuring their mobilities using TIMS-MS. Additionally, TIMS separation of the two isomers THC and CBD was investigated using their cation adducts.
Conformational changes in small molecular ions upon cation adduct formation
Twelve compounds exhibiting different numbers of rotational bonds, double bonds and functional groups (Fig. 1) were selected to study their ionization behavior and possible changes in structural conformation and shape in the gas phase by TIMS. Solutions of the test compounds in 0.1% acetic acid were infused directly into the ESI-TIMS-MS system and the protonated ([M + H] + ) species of the analytes were observed. In the cases of, LM, TBM, KET and AMX, additional peaks were observed in the recorded mobilograms ( Fig. 2a-d) .
Considering that in our study only pure compounds were used, these additional mobility peaks do not represent isomers but indicate multiple structural conformations, probably caused by different position of the proton on the analyte molecule. In the case of LM (Fig. 2a) , the two protonated species were visible only after applying a narrow EFG (−70 to −50 V) and a higher accumulation number (1200) per scan. Compounds/isomers which differ in the proton position are referred to as protomers. Lalli et al. [25] , who used aniline as a model compound to study protomers present in the gas phase using ESI (+)-TWIM-MS, observed the presence of two species in the mobilogram which represented the Nprotonated and ring-protonated aniline. The authors suggested that the different protonation sites caused a different charge distribution in the molecule and thus interaction with the carbondioxide buffer gas, resulting in different CCS values for the protomers. As in our study, nitrogen was used as buffer gas, interactions with the protonated species seem unlikely. We presume the protonation site might affect the rotational freedom of specific bonds and/or influence the equilibrium of tautomeric forms (as occur in AMX, TBM and LM) causing a difference in CCS and thus mobility.
In addition to protonated molecules, the usually observed sodium adducts were encountered in the acquired electrospray mass spectra. Interestingly, also in the mobilograms of several sodiated analytes multiple mobility peaks were observed. Cation adducts indeed are known to be able to alter structural conformation of gas phase ions as shown for example, for carbohydrates [9, 26] . Therefore, we studied the effect of several cations on the IM behavior of the test analytes by mixing the compounds with salts of alkali (LiCl and CsCl) and transition metals (AgNO 3 ). The metal ions tend to form noncovalent adducts with target analytes via electrostatic interactions, such as ion-dipole interactions. Silver ions also have affinity towards double bonds, as has been employed, for example, in the LC separation and MS detection of fatty acids (FA) and triacylglycerols (TGA) [27, 28] .
For six of the pharmaceuticals, more than one conformation upon cation adduct formation was observed. Fig. 2 . For most of these compounds (AMX, RUT, AMD, LOP and TBM) an additional conformation was observed upon addition of silver ions, which could be due to the earlier mentioned affinity of silver to double bonds (Fig 2e-i) . When the compound possesses multiple double bonds and has high density of π electrons, binding of a silver ion can occur at more than one site in a molecule, and formation of multiple conformations can result [29] . Indeed, AMX, RUT, AMD, TBM and LOP, comprise at least three double bonds. It should be noted that KET and FVX, which have double bonds, do not show detectable multiple conformations in IM, indicating that silver affinity is compound specific. In addition, other ionic interactions obviously can play a role in the induction of multiple conformations. Other cations that also lead to the appearance of multiple mobility peaks were sodium (in the case of TBM, ANF and AMX, Fig. 2J -L, respectively) and lithium (TBM and AMX, Fig. 2l, m, respectively) .
As mentioned earlier, we expected rotational bonds to facilitate the formation of other conformations upon cation binding. Interestingly, multiple conformations were also observed in planar compounds, i.e. RUT and ANF (Fig. 2f, k,  respectively) . However, it is not clear what causes the change in the shape of the molecule in the gas phase, since in the case of RUT the additional conformation was observed only upon cation adduct formation with silver. This could suggest that the size of the silver ion, which has an ionic radius of 1.15 Å [30] , has a considerable impact on the overall shape of the complex, causing the mobility shift even in absence of rotating bonds. The behavior could also be explained by silver residing on different positions. Depending on the position, silver ion could cause changes in the shape of the molecule and consequently changing its CCS.
In most cases of multiple conformations only one additional peak was observed, which had a lower mobility and thus a higher CCS than the primary conformation of the molecule. Here we define the primary conformation as the one which has a mobility closest to the protonated form. This means that the second conformation has a more open or elongated structure. The two planar molecules RUT and ANF (Fig. 2f, k , respectively) appear to follow the common trend, in which the second conformation of the molecule is more open than the primary one. Interestingly, in the protonated species the abundance of the peak with the higher mobility (smaller CCS) tends to be lower in intensity than the peak with the lower mobility. A different behavior was observed in the analytes upon cation adduction, where the first peak (higher K 0 and smaller CCS) was observed to be more abundant. This means that the conformation of the ion complex which was observed to have a higher K and lower CCS was present in the gas phase at a higher concentration than the one with a lower K and higher CCS. , and the y-axis represents the signal intensity of the mobility peak. The peaks annotated with a lower letter are (a) the primary mobility, (b) the additional conformation mobility, (d) the mobility of the dimer which fragmented to its monomer. a: protonated lincomycin [ 
Changes in the mobility of molecular ions after formation of cation adduct complexes
The overall data obtained in the adduct formation experiments are outlined in Fig. 3 , which shows the experimental CCS of the different adducts and their conformations. Except for TBM, the protonated form of the analysed compounds was always observed, and thus the averages and standard deviation (SD) of the determined K 0 and CCS values of the protonated forms were calculated and used as a measure of precision of the mobility measurement. For TBM, sodiated species were used. The protonated forms of the compounds showed to have a stable CCS values in each experiment with a very small SDs in the range of 0.2-0. Table S1 . For most of the tested compounds, the CCS of the adducts showed dependence on the mass of the cation. Table S2 . The lack of a positive correlation between the m/z and CCS in some of the ions has already been observed in other studies, for example those on isomeric carbohydrates [8, 9] . As indicated by Seo et al. [26] several features of metal cations can impact the way they bind to a molecule and thus influence the overall shape of the metal-ion complex.
Surprisingly, a substantial shift in the mobility between some of the ion adducts was observed for ELL, FVX and RUT. In order to assess the mobility shift, the mobility difference between the mobility value of the protonated species and the adduct of interested was calculated. The protonated species was taken as a reference. Mobility values of all complexes are reported in Table S2 . For ELL, the difference in CCS for the silver-ion adduct [M + Ag] + was 23.5 Å 2 (Fig. 3) (Fig. 3) . The largest difference in the CCS induced by cationization of the twelve small molecular ions was observed in RUT and ELL, which are planar molecules with no freely rotating bonds. This could indicate that in the case of flexible molecules a cation adduct is capable of affecting the structure of the molecule in a way that the CCS does not significantly differ from the CCS of the protonated form. For the more rigid structures, the adducted cation increases the CCS of the analyte molecule.
Dimer formation in molecular ions with limited number of rotational bonds
Further analysis of the obtained TIMS data on the test compounds and their adducts, revealed a tendency of some adduct ions to form dimers. Interestingly, compounds with more planar structures and limited number of rotational bonds were observed to form dimers with cations more readily than the more flexible compounds used in this study. These planar compounds include ANF, RUT and ELL ( Fig. 4a-g ). More flexible compounds, in which dimer formation was also observed, include TMB (sodium adduct), FVX (cesium adduct), AMX (protonated species) and CVD (silver adduct) ( + was observed which additionally supports our finding that the planar shape of molecular ions can influence the formation of dimers.
Dimers in the case of isomers: THC and CBD
While studying dimer formation in TIMS, interesting observations were made with two structural isomers, i.e. THC and CBD (Fig. 1) . Although very similar, the two compounds are known to evoke a very different pharmacological effect [31] . Interestingly, they also behave differently in the gas phase when it comes to the formation of dimers with cations. In order to study dimer formation of THC and CBD, three different concentrations (2, 0.2, and 0.02 μM) were mixed with acetic acid or salt solutions containing Ag + , Li + or Cs + . The solutions were analysed by infusion ESI-TIMS-MS. In order to enable measurement of both monomers and the dimers in a single experiment, the EFG was set wide (from 0 to −165 V). Figure 5 shows overlaid EIM traces of the monomers and dimers of THC and of CBD generated with silver and sodium ions. They show that THC dimers with silver and sodium are formed more readily compared to CBD, which could be associated with the molecular geometry and thus flexibility of the compound. Due to the closed pyran ring THC exhibits greater rigidity in comparison to CBD, which has more freedom to rotate [32] . Again, the more rigid compound shows to be more prone to form dimers with the selected cation. The formation of dimers with the use of the silver cation in THC and CBD Fig. 3 Changes in the mobility of small molecular ions after formation of cation adduct complexes. Most of the target analytes followed a trend in which the CCS increases with an increasing mass of the cation adduct. In the graph, the species marked as black dots represents the first conformation of the ion, and the ones with grey dots represents the second conformation of the ions was further investigated by generating a calibration curve of the two compounds with concentrations ranging from 0.6-20 μM using ESI-LC-MS (data not shown). This analysis was performed in order to be sure that this difference was not caused by the use of rather elevated concentrations of the compounds and to ensure that the effect was present over , and the y-axis represents the signal intensity of the mobility peak. Dimers were formed more readily in the case of compounds with limited number of rotating bonds, which are: a) alpha-naphthoflavone with silver adducts, b) rutaecarpine with silver adduct, c) alphanaphthoflavone with sodium adduct, d) rutaecarpine with cesium adduct, e) alpha-naphthoflavone with lithium adduct, f) rutaecarpine with lithium adduct, g) ellipticine with silver adduct. The h, i, j and k figures show compounds exhibiting more structural flexibility, i.e. tolbutamide, fluvoxamine, amoxicillin and carvedilol respectively. The more flexible compounds showed dimer formation. The dimers were of lower intensity than the monomer, except of fluvoxamine the large concentration range. Silver adduct ions of THC and CBD were formed by post-column infusion of silver nitrate. The calibration curves generated showed THC to form dimers already at 2.5 μM, whereas CBD does not form a dimer with a silver ion at any of the tested concentrations. Additionally, it was shown that CBD forms more readily a monomer with a silver ion than THC. These results were in agreement with those obtained with TIMS-MS earlier in this study (Fig. 5) .
THC dimer was shown to be present at all tested concentrations, while CBD dimer were not formed even at the high concentration of 20 μM. There was, however, one discrepancy between the two sets of the data: in the LC-MS chromatogram, CBD did not form any dimer even at the highest concentration of the compound tested, whereas in the TIMS data dimer formation (signal intensity of 473 cts) was observed already at a concentration of 0.02 μM. A possible explanation for this could be that the dimer of CBD was formed in the drift section of the TIMS tube. The observed absence of dimers during LC-MS analysis could also be due to the lower sensitivity of the mass spectrometer used for generating the calibration curve as compared to TIMS-MS.
Separation of isomers employing cation adduct formation
As mentioned in the previous section, despite their small structural difference, THC and CBD exhibit quite different pharmacological activity. The most important difference is that THC has psychoactive properties, and CBD does not [31, 33, 34] . This makes THC a drug of abuse and correct identification of this compound is thus important from a forensic point of view. The two cannabinoids, can be separated using chromatographic or electrophoretic methods, such as planar chromatography [35] , LC-UV [36] , LC-MS(MS) [37, 38] , CE-LED-induced fluorescence detection [39] , which require a considerable analysis time (5-30 min). In the present study, we studied the potential of TIMS for the fast separation of THC and CBD. The two compounds were diluted to a concentration of 2 µM (for experiments with Na + , Li + and Cs + ) and 0.2 µM (for experiments with Ag + ) and mixed with acetic acid or three different salt solutions, i.e. LiCl, CsCl and AgNO 3 . A lower concentration of the compounds in the case of adduct formation with silver ions was used as silver was shown to increase the peak intensity especially in the case of CBD. Silver ions, known as dopant for compounds exhibiting double bonds, is expected to coordinate with double bond at C4 position of CBD [40] . The mixtures were analysed by direct infusion ESI-TIMS-MS. The addition of the salts to THC and CBD aimed at generating cation-adducts complexes. Gas phase orientation of cation-adduct complexes formed with analytes was shown to influence the analytes shape and CCS. As a consequence, changing the cation (e.g. from H + to Ag + ) turns out to be an important feature to adjust / improve the separation of isomers [8, 9, 11] . Mobilograms showing the TIMS analysis of THC (grey trace) and CBD (black trace) as their adduct ions are depicted in Fig. 6 . A clear shift in the mobilities between the two cannabinoids was observed after the formation of cation adduct complexes with lithium, silver and sodium ions. The difference was sufficient to see in the mobilograms the two isomers separated from each other, however a baseline separation was not achieved (R of~50). In all cases, apart from the protonated and cesiated forms for which the CCS of THC and CBD was found not to differ, a tendency for CBD to acquire a more compact structure (smaller CCS and higher mobility) than THC was observed. As a consequence of the dimer formation of CBD with a silver ion (see Fig. 5 ), the complex is supposed to still show flexibility and the bond between the aromatic ring and cyclohexenyl should freely rotate. As discussed, silver ions typically bind with the π electrons of a double bond. , and in the y-axis represents the signal intensity of the mobility peak. a: EIM of the protonated THC (2 µM) and CBD (2 µM); b: EIM of CBD (2 µM) and THC (2 µM) upon lithium adduction; c: EIM of CBD (0.2 µM) and THC (0.2 µM) upon silver adduction; d: EIM of CBD and THC upon sodium adduction; e: CBD (2 µM) and THC (2 µM) upon cesium adduction If the silver ion complexes to the double bond on the carbon 8 ( Fig. 1) , the rotation of the bond between carbon 4 and carbon 8 can make the CBD more compact than THC. Sodium ion adduction also shows a shift in the m o b i l i t y b et w e en th e t w o c om p ou n ds (Δ K 0 = 0.042 cm 2 /Vs; ΔCCS = 7.08 A 2 ). The most probable localization of the sodium ion is near the oxygen atom by ion-dipole attractions [41] . Therefore, the mechanism by which the conformation in the two structures changes most probably differs from the one proposed for silver cation adducts. When looking at the structure of CBD and THC, the oxygen in THC is present in the pyran ring while in CBD the oxygen comes from a hydroxyl group attached to the phenol ring. This means that the conformational changes happen in this particular region of the two compounds. Lithium also separates CBD and THC in gas phase. Lithium ions, similarly to sodium ions, are known to interact with oxygen and nitrogen atoms by electrostatic forces [42, 43] . The increase in the CCS of [THC + Li] + is substantial considering the size of lithium's ionic radius (0.76 A 2 ) and is larger compared to the sodium ion adduct [THC + Na] + and the cesium ion adduct [THC + Cs] + for which the ionic radius is 1.02 A 2 and 1.67 A 2 , respectively. Although this result is surprising, similar examples in which the conformation of the compounds and their mobilities are influenced by coordination rather than the size of the metal cation adduct, have been reported [9] . The cesiated CBD and THC ions were observed to have very close mobility values and thus CCSs (191.562 and 192.801 A 2 ), which mean that the cesium ion does not improve the separation of the two isomers. There are, however, examples in literature where cesium ions improved separation and helped in compound identification [11] . In the protonated species, a similar result was obtained and no improvements in the mobility and CCS were achieved.
Conclusions
In this study, we used TIMS to investigate the behavior of twelve pharmaceutically relevant compounds upon cation adduct formation. The selected compounds varied in regard to their molecular shape and flexibility, which resulted in differences in their behavior in the gas phase upon cation adduct formation. In this study four interesting observations of gas phase ion behavior were made: 1) cation adduct can generate different conformation of molecules; 2) for most compounds the correlation between the cross section and the radius of the cation was observed; 3) more planar and rigid molecules tend to form dimers more readily than molecules exhibiting greater flexibility due to the presence of rotating bonds; 4) the separation of structural isomers, THC and CBD, was facilitated by the formation of lithium, cesium and silver adducts. The study presented here confirms previous findings on the cations adduct formation with target analytes and enhances our understanding of the behavior of ions in the gas phase, which is related to the molecular structure of the analytes. The knowledge gained from our observations should prove to be particularly valuable in characterization of unknown molecular structures and in analyzing complex mixtures in which the additional selectivity provided by TIMS is required. Considering the impact that the cations have on the small molecular ions, this study provides a base for future studies on structural isomers, for example, drug metabolites present in complex mixtures.
